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O(α3αs) Study on the yields and polarizations of J/ψ(Υ) within the framework
of non-relativistic QCD via γγ → J/ψ(Υ) + γ +X at CEPC
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Within the framework of the non-relativistic QCD (NRQCD), we make a systematical study of
the yields and polarizations of J/ψ and Υ via γγ → J/ψ(Υ) + γ + X in photon-photon collisions
at the Circular Electron Positron Collider (CEPC), up to O(α3αs). We find that this process at
CEPC is quite “clean”, namely the direct photoproduction absolutely dominate over the single-
and double- resolved processes, at least 2 orders of magnitude larger. It is found that the next-to-
leading order (NLO) QCD corrections will significantly reduce the results due to that the virtual
corrections to 3S11 is large and negative. For J/ψ, as pt increases, the color octet (CO) processes
will provide increasingly important contributions to the total NLO results. Moreover the inclusion
of CO contributions will dramatically change the polarizations of J/ψ from toally transverse to
longitudinal, which can be regarded as a distinct signal for the CO mechanism. However, for the case
of Υ, the effects of the CO processes are negligible, both for yields and polarizations. For J/ψ, the
dependence of the yields on the value of the renormalization scale µr is moderate, while significant
for the polarization. The impact of the variation of µλ is found to be relatively slight. As for the case
of Υ, the uncertainties of µr and µλ just bring about negligible effects. The future measurements on
this semi-inclusive photoproductions of J/ψ(Υ) + γ +X, especially on the polarization parameters
of J/ψ, will be a good laboratory for the study of heavy quarkonium production mechanism and
helpful to clarify the problems of the J/ψ polarization puzzle.
PACS numbers: 13.66.Bc, 12.38.Bx, 12.39.Jh, 14.40.Pq
I. INTRODUCTION
The non-relativistic QCD (NRQCD) factorization [1]
is one of the most effective method to describe the heavy
quarkonium processes, which provides a systematical way
to separate the effects from the dynamics at different
scales. That is, the production process can be factor-
ized into a sum of products of short-distance coefficients
(SDCs) and the long distance matrix elements (LDMEs).
The SDCs are perturbatively calculable in a power se-
ries of αs and the LDMEs can be extracted by fitting
the predictions with the experimental data. In many
processes, especially the hadroproductions, NRQCD are
quite successful, such as the NRQCD predictions filled
the large gap between the leading order (LO) color sin-
glet (CS) predictions and the measurements of J/ψ and
ψ(2S) hadroproductions released by CDF group [2–4].
In addition, the measurements of χc and ηc hadropro-
ductions can also be described well within NRQCD [5–
8]. Moreover, recent works on the J/ψ electroproduc-
tions in deeply inelastic ep scattering (DIS) at HERA
reveal that the CS contributions are not impossible to
saturate the measurements and the inclusion of the color
octet (CO) partonic processes will make the agreement
between theory and experiment much better [9, 10]. Al-
though the NRQCD factorization has gained its reputa-
tion from the success in many processes, it is still fac-
ing several challenges. Such as the NRQCD results for
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e+e− → J/ψ + Xnon−cc¯ severely overshoot the experi-
mental measurements [11], which is recognized as one of
the most serious challenges on the universality of the CO
LDMEs. In addition, the long standing J/ψ polariza-
tion puzzle is another controversy for NRQCD. Different
sets of LDMEs will result in totally different predicted
polarization parameters [12–18]. That is to say, the the-
oretical predictions based on NRQCD , especially the po-
larization parameters, severely rely on the values of these
LDMEs. Therefore, it is indispensable to further test the
validity of NRQCD in various kinds of experiments.
The semi-inclusive photoproduction of J/ψ(Υ)+γ+X
at CEPC can be a good candidate for identifying the
significance of the CO mechanism. On one hand, tak-
ing J/ψ for example, when the transverse momentum of
J/ψ is not too large, the direct photoproduction γγ →
J/ψ+γ+X is found to be dominant, at least two orders of
magnitude bigger than the single- (γg → cc¯[3S81 ]+γ+X)
and double- (gg → cc¯[3S11 ,1 S80 ,3 S81 ,3 P 8J ] + γ +X, qq¯ →
cc¯[3S81 ] + γ + X) resolved contributions which are sup-
pressed strongly by the suppression of the CO LDMEs
and/or the gluon (quark) PDF of the photon1, as is
1 For the photon density function of Weizsacker-Williams approx-
imation (WWA), describing the initial bremsstrahlung photons
which are generated in a circular e+e− collider, the suppression
via PDF is significant. However, for the Laser Back Scattering
(LBS) photon generated in a high energy Liner e+e− Collider,
the density function is far different from WWA and the single-
and double- resolved gluon subprocess can be significant at low
pt region, even dominant over the direct one as is presented in
Figure 1, analogous to that in Ref [19]. Due to CEPC [20, 21] is
2demonstrated in Figure 1. Note that, for the gluon-
fragmentation process qq¯ → cc¯[3S81 ] + γ, only at suffi-
ciently large pt regions, the kinematic enhancements due
to the scales p−4t can compensate for the suppressions of
CO LDMEs and PDFs, even be dominant over the direct
case. However, the events therein are several orders of
magnitude smaller than that at low and mid pt regions.
In conclusion, the process γγ → J/ψ(Υ) + γ +X is very
“clean”. On the other hand, since the resolved processes
can be safely neglected, we do not have to take the gluon
saturation effects [22] into consideration. In addition, for
γγ → J/ψ(Υ) + γ + X , up to O(α3αs), only two CO
processes are involved, namely 3P 8J and
1S80 , and the
3S81
partonic process is forbidden due to the conservation of
C−parity or color. The one LDME short makes the ex-
traction of the LDMEs easier than that at LHC. In view
of these advantageous features, the photoproductions of
J/ψ(Υ)+γ+X at CEPC are quite suitable for studying
the production mechanism of the heavy quarkonium.
There have been several studies on J/ψ + γ + X in
pp, ep and γγ collisions [23–33]. In the present work,
we will systematically study the semi-inclusive photo-
production of J/ψ + γ + X in photon-photon collisions
at CEPC, for the first time investigating the polarisa-
tion parameters for γγ → J/ψ + γ +X , which is proved
to be a distinct signal for testing the CO mechanism.
As stated before, the NRQCD predictions always heav-
ily suffer from the uncertainties of the LDMEs, thus for
the production of J/ψ we will adopt two different sets of
LDMEs on the market to present our predictions. Com-
paring with charmonium, bb¯ mesons have their own ideal
properties. Due to bb¯ is much heavier than cc¯, both the
typical coupling constant and relative velocity between
the two heavy flavor constituent quarks are smaller than
those of charmonium. Therefore, the perturbative results
for bb¯ may be more convergent over the expansion of αs
and v2 than charmonium. Moreover, the dependance on
µr is expected to be more moderate. Considering these
advantages, along the same lines, for the first time we will
make a complete study of the yields and polarizations of
Υ via γγ → Υ + γ + X in photon-photon collisions to
provide a sound estimate.
The remaining parts of the paper are organized as fol-
lows. In Sec.II, we describe the calculation technology
and introduce the input parameters employed in our cal-
culations. In Sec.III, we present the phenomenological
results, including pt distributions and polarization pa-
rameter λ. The last section is reserved for a summary.
II. CALCULATION FORMALISM
Within the NRQCD framework, the differential cross
section for the process e+e− → e+e− +H(QQ¯) + γ +X
a circular electron positron collider, in our present paper, only
WWA photon is considered.
can be factorized as
dσ =
∑
n
∫
dx1dx2fγ(x1)fγ(x2)
∑
i,j
∫
dxidxjfi/γ(xi)
fj/γ(xj)dσˆ(i+ j → QQ¯[n] + γ +X)× 〈OH(n)〉
(1)
where σˆ is the parton-level short-distance coefficients
(SDCs) representing the production of a configuration
of the QQ¯ intermediate state with the quantum num-
ber n and 〈OH(n)〉 is the nonperturbative but univer-
sal LDMEs. fγ(x) is the photon density function and
fi/γ(xi) is the parton distribution function of the photon.
Here x and xi,j represent the momentum fraction of the
initial photon to the initial electron or positron and the
hadronic contents (i, j), such as gluon and light quarks,
to the initial photon, respectively. At CEPC, the ini-
tial photons are mainly generated by bremsstrahlung, for
which the spectrum can be described by the Weizsacker-
Williams approximation (WWA) [34] as:
fγ(x) =
α
2π
[2m2e(
1
Q2max
− 1
Q2min
)x
+
1 + (1− x)2
x
log(
Q2max
Q2min
)] (2)
with
Q2min =
m2ex
2
1 − x ,
Q2max = (
√
sθ
2
)2(1− x) +Q2min. (3)
where x =
Eγ
Ee
denotes the ratio of the electron (positron)
momentum taken by the interacting photon, α is the fine
structure constant and me represents the electron mass.
θ is the angle between the flying direction of the initial
photon and the direction of the electron (positron) beam.
In our present work, the θ is taken as 32mrad as at LEPII.
As stated before, for γγ → J/ψ(Υ)+ γ +X at CEPC,
the contributions from single- and double- resolved pho-
ton processes are negligible, hence our QCD correc-
tions only focus on the direct photoproduction. Up to
O(α3αs), for γγ → J/ψ(Υ) + γ + X , there are one vir-
tual correction and two real correction processes, namely
γ + γ → J/ψ(Υ)[3S11 ] + γ, (4)
γ + γ → J/ψ(Υ)[1S80 ] + γ + g, (5)
γ + γ → J/ψ(Υ)[3P 8J ] + γ + g. (6)
There are 78 Feynman diagrams for the virtual correc-
tion, among which 48 for one-loop and 30 for counter-
term. As for the two real processes, there are 24 diagrams
for each channel. The dimensional renormalization with
D = 4−2ǫ is adopted to isolate the ultraviolet (UV) and
infrared (IR) singularities and the Coulomb singularities
are absorbed into the redefined LDMEs. The on-mass-
shell (OS) scheme is adopted to set the renormalization
3constants of the quark mass Zm and the field Z2 as fol-
lowing:
δZOSm = −3CF
αs
4π
[
1
ǫUV
− γE + ln 4πµ
2
m2
+
4
3
], (7)
δZOS2 = −CF
αs
4π
[
1
ǫUV
+
2
ǫIR
− 3γE + 3 ln 4πµ
2
m2
+ 4]
(8)
where CF =
4
3 and γE reprensents the Euler’s constant.
The cross section for Eq.(6) also has IR singularity,
which can be eliminated by calculating the NLO cor-
rections to the LDMEs 〈O[3S81 ]〉 and 〈O[3S11 ]〉. Taking
〈OJ/ψ [3S11 ]〉 for example, the bare LDME can be written
as
〈OJ/ψ[3S11 ]〉bare = 〈OJ/ψ[3S11 ]〉 −
4αs
3πm2c
× ( 1
ǫIR
− 1
ǫUV
)〈OJ/ψ [3P 80 ]〉, (9)
where Nc = 3 for SUN(3) gauge theory and mc denotes
the mass of c−quark. The µλ−cutoff renormalization
scheme is adopted to subtract the UV divergence. By
substituting the relation between the bare and renormal-
ized LDMEs,
〈OJ/ψ [3S11 ]〉bare
= 〈OJ/ψ [3S11 ]〉renorm +
4αs
3πm2c
×
[
1
ǫUV
− γE + 5
3
+ ln(
πµ2r
µλ
)
]
〈OJ/ψ[3P 80 ]〉, (10)
into Eq. (9), we have
〈OJ/ψ[3S11 ]〉renorm
= 〈OJ/ψ[3S11 ]〉 −
4αs
3πm2c
×
[
1
ǫIR
− γE + 5
3
+ ln(
πµ2r
µλ
)
]
〈OJ/ψ [3P 80 ]〉, (11)
Thus the process γγ → cc¯[3P 8J ] + γ + g can be redefined
as
dσˆrenorm(γγ → cc¯[3P 8J ] + γ + g)
= dσˆ(γγ → cc¯[3P 8J ] + γ + g)
− 4αs
3πm2c
[
1
ǫIR
− γE + 5
3
+ ln(
πµ2r
µλ
)
]
× dσˆ(γγ → cc¯[3S11 ] + γ). (12)
The soft parts of dσˆ(γγ → cc¯[3P 8J ] + γ + g), where the
final gluon attached to cc¯[3P 8J ] is soft, incorporate the
terms relative to dσˆ(γγ → cc¯[3S11 ] + γ) as2
4αs
3πm2c
[
1
ǫIR
+
p0
|p| ln(
p0 + |p|
p0 − |p| ) + ln(
4πµ2r
sδ2s
)− γE − 1
3
]
× dσˆ(γγ → cc¯[3S11 ] + γ) (13)
2 Notice that, the partonic process γγ → cc¯[3S81 ] + γ is forbidden,
thus in our calculations the soft part of the cross section of 3P 8J
does not contain the 3S81 content.
where p0 and p are the energy and 3-momentum of J/ψ.
Eventually, the cross section of 3P 8J is finite. Taking ad-
vantage of the relations 〈OJ/ψ(3P [8]2 )〉 = 5〈OJ/ψ(3P [8]0 )〉,
and 〈OJ/ψ(3P [8]1 )〉 = 3〈OJ/ψ(3P [8]0 )〉, we can synthesise
the three SDCs for n =3 P
[8]
0 , n =
3 P
[8]
1 , and n =
3 P
[8]
2
by defining
dσˆ(γγ → cc¯[3P 8J ] + γ + g)
= dσˆ(γγ → cc¯[3P 80 ] + γ + g)
+ 3dσˆ(γγ → cc¯[3P 81 ] + γ + g)
+ 5dσˆ(γγ → cc¯[3P 82 ] + γ + g)
In addition to the yields, we will make a discussion on the
polarization of J/ψ(Υ) in the γ associated photoproduc-
tions. The polarization parameter λ within the helicity
frame is defined as [35]:
λ =
dσ11 − dσ00
dσ11 + dσ00
(14)
where dσSz,S′z(Sz , S
′
z = 0,±1) denote the spin density
matrix elements.
In this paper, we adopt the FDC package [36] to com-
plete all the calculations. As a cross check, the virtual
correction are as well accomplished by means of a highly
automatic mathematica-fortran package-Malt@FDC.
III. NUMERICAL RESULTS AND
DISCUSSIONS
A. Input parameters
During the calculations, we take MJ/ψ = 2mc and
MΥ = 2mb with mc = 1.5GeV and mb = 4.9GeV. The
fine structure constant α = 1137 . Since the LO partonic
process is a pure QED process, for the NLO calculations
the one-loop αs running is adopted with αs(MZ) = 0.13.
The default value of renormalization scale µr is set to be
µ0 = mT =
√
p2t + 4m
2
c,b and µλ is taken as mc,b. The
center-of-mass energy at CEPC is 240 GeV. We adopt
two sets of LDMEs on the market for J/ψ production and
one set for Υ3, the detailed values of which can be found
in Table I, to present our numerical results. For conve-
nience, hereinafter we name the LDMEs of [8, 18] and
[17] set 1 and set 2 respectively. Notice that the initial
bremsstrahlung photons may directly serve as the final
state photon, in order to exclude these events, we adopt
the criterion pγt > p
γ
t,min with p
γ
t,min = 1, 2, 3 GeV, re-
spectively. Furthermore, in our concerned semi-inclusive
processes, together with J/ψ(Υ), the final state photons
will be as well observed, therefore, for the experimental
3 In our calculations, it is found that the CO contributions to the
production of Υ are quite tiny, almost negligible, thus we will
only take one set of LDMEs for the case of Υ.
4TABLE I. LDMEs 〈OJ/ψ(Υ)[n])〉 used in our calculation, in
units of GeV3.
n =3 S11 n =
1 S80 n =
3 S81 n =
3 P 8J
J/ψ([8, 18]) 0.645 0.78 × 10−2 1.0× 10−2 1.7× 10−2
J/ψ([17]) 1.16 9.9× 10−2 1.1× 10−2 0.49× 10−2
Υ([37]) 9.28 13.6 × 10−2 0.61× 10−2 −0.93× 10−2
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FIG. 1. The differential cross sections for the J/ψ production
with respect to pt, including the direct, single- and double-
resolved processes. The upper two figures are for WWA and
the lower two are for LBS. For the resolved processes, the
photon PDF from GRS [38] is employed.
aspects, cuts on the transverse momentum of the final
photon is indispensable. Considering the perturbative
expansion may do not work well in the large rapidity
region, thus we employ the rapidity cut on the emitted
photon as |yγ | < 3.
B. Phenomenological results for J/ψ
In the first place, we demonstrate the relative signifi-
cance of the direct, single- and double- photoproductions
in Figure 1, including both WWA and LBS. One can
clearly see that, for the case of WWA, the contributions
via the resolved processes are at least 2 orders of magni-
tude smaller than the direct one by reason of the men-
tioned before suppressions of the CO LDMEs and the
PDF of the hadronic contents in the photon. As for the
4 6 8 10 12 14
10- 7
10- 6
10- 5
10- 4
0.001
0.01
p t HGeVL
dΣ

dp
tH
pb

G
e
V
L
NLO @ p t
Γ
> 3 GeV D
NLO @ p t
Γ
> 2 GeV D
NLO @ p t
Γ
>1 GeV D
LO
WWA ,
s = 240 GeV ,
y Γ < 3.0 , Set 1
4 6 8 10 12 14
10- 7
10- 6
10- 5
10- 4
0.001
0.01
p t HGeVL
dΣ

dp
tH
pb

G
e
V
L
NLO @ p t
Γ
> 3 GeV D
NLO @ p t
Γ
> 2 GeV D
NLO @ p t
Γ
>1 GeV D
LO
WWA ,
s = 240 GeV ,
y Γ < 3.0 , Set 2
FIG. 2. The differential cross sections for the J/ψ production
with respect to pt, applying different p
γ
t cuts on the final
emitted photon.
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FIG. 3. K factor with respect to pt for different partonic
processes.
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FIG. 4. Ratios dσˆNLO [n]/dσˆLO [
3S11 ] with n =
3 S11 ,
1 S80 ,
3 P 8J
as a function of pt for different partonic processes.
case of LBS, the contributions from direct photoproduc-
tion are minor while the resolved processes are dominant.
At the circular e+e− collider CEPC, the initial photons
are generated from bremsstrahlung described by the den-
sity function of WWA, thus the resolved processes can be
safely neglected.
The pt distributions of J/ψ with different p
γ
t cuts are
presented in Figure 2. As is shown in this figure, the
NLO QCD corrections significantly reduce the LO re-
sults, and this “significance” increases with the value of
pt. Different p
γ
t,min just slightly impact on the pt dis-
tributions of J/ψ. Therefore, without loss of generality,
we will only focus our following analysis on this condi-
tion pγt > 1 GeV. In order to investigate the relative
importance of the contributions of these partonic pro-
cesses listed in Eqs. (4-6), we present the K−factors in
Figure 3. One can find that the virtual QCD corrections
to γγ → J/ψ + γ is negative, even bigger than the LO
cross section when pt is relatively high, such as 13.5 GeV.
As for the CO processes, the ratio of contributions to
the total NLO results are continuous increasing with the
value of pt. In other words, as the transverse momen-
tum of J/ψ increases, the significant reduction via the
virtual corrections will make the effects of the CO pro-
cesses more and more remarkable. To be specific, in the
left figure, the contribution of 3P 8J will be in the excess of
that of 3S11 when pt > 11 GeV and absolutely dominant
when pt is close to 15 GeV. On account of the relatively
small value of 〈OJ/ψ [1S80 ])〉, the 1S80 just provides slight
contributions. However in the right figure where the set
of LDMEs based on the “1S80 dominance” are employed,
instead of 3P 8J , the
1S80 is the dominant one at mid pt
regions. In Figure 4, we present the ratio of the SDCs
corresponding to different partonic processes listed in (4-
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FIG. 5. The differential cross sections for the J/ψ production
with respect to pt, applying p
γ
t > 1 GeV. The band in these
two figures are caused by the variation of µr from µ0 to 2µ0
and the dotted lines denote the LO results.
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FIG. 6. Differential cross section at pt = 10 GeV as a function
of the renormalization scale µr.
6) to the LO SDC, namely dσˆNLO[n]/dσˆLO[
3S11 ] with
n =3 S11 ,
1 S80 ,
3 P 8J . One can find that dσˆNLO[
3P 8J ] rapidly
increases with pt, and around pt ≃ 7GeV , the ratio can
be bigger than 1. Considering the significant reduction
via the virtual corrections, dσˆNLO[
3P 8J ] and dσˆNLO[
1S80 ]
can eventually be orders of magnitude in the excess of
dσˆNLO[
3S11 ]. For example,
dσˆNLO[
3P 8J ]/dσˆLO[
3S11 ]|pt=13GeV ≃ 240,
dσˆNLO[
1S80 ]/dσˆLO[
3S11 ]|pt=13GeV ≃ 94. (15)
So large SDCs are sufficiently able to compensate for the
CO LDMEs suppressions.
Notice that the LO process γγ → J/ψ + γ is a pure
QED process, thus the NLO QCD results may suffer
heavily from the uncertainty of the renormalization scale
µr, just like the case of e
+e− → γ∗γ∗ → J/ψ+J/ψ where
the NLO QCD corrections change significantly with the
variation of µr [39]. In Figure 5, one can find that the
band reflecting the impact of the uncertainty of µr is nar-
row, indicating a moderate dependence of the yields on
the renormalization scale. To be specific,(
dσNLO,µr=2µ0
dσNLO,µr=µ0
)
|pt=7GeV = (1.37Set1, 1.31Set2),(
dσNLO,µr=2µ0
dσNLO,µr=µ0
)
|pt=10GeV = (1.49Set1, 1.40Set2)
(16)
Taking pt = 10 GeV for example, the dependences of the
differential cross sections corresponding to different par-
tonic processes on µr are presented in Figure 6. Since
the virtual correction to 3S11 is negative, the differential
cross section based on color singlet mechanism will in-
crease with the value of µr, which is responsible for the
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FIG. 7. The polarization parameter λ with respect to pt,
applying pγt > 1 GeV. The band in these two figures arise
from the variation of µr from µ0 to 2µ0.
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FIG. 8. The pt distributions (left) and the polarization pa-
rameter λ (right) with respect to pt. The bands in these two
figures are caused by the variation of µλ from 0.5mc to 2mc
and the dotted lines denote the LO result.
eventual monotonic increase behavior of the NRQCD re-
sults.
Reviewing the well known polarization puzzle of J/ψ,
the predicted polarization via NLO NRQCD is slightly
transverse polarized, which is far different from the re-
sults of CS (totally transverse for LO and longitudinal
for NLO). Namely, the inclusion of CO partonic pro-
cesses may dramatically change the polarizations. Con-
sidering the CO contributions in our concerned process
is increasingly important with the value of pt, thus it is
interesting and natural to investigate the polarization of
γγ → J/ψ+ γ +X . In Fiure 7, we present the predicted
polarization based on CS and NRQCD, respectively. One
can see that, the polarization via CS is totally transverse,
in contrary to the one based on NRQCD which varies
from transverse to longitudinal. Such significant differ-
ence can be employed to serve as an ideal laboratory to
further identify the significance of the color octet mecha-
nism. The distinct differences between the two predicted
polarizations can be attributed to the following aspects:
1) the color octet contributions are significant, especially
at mid pt regions; 2) in Eq. 12, the
3S11 content involved
in the soft part of the cross section of 3P 8J provides a
large negative transverse contribution and a relatively
tiny negative longitudinal one; 3) the polarization of the
“hard” part of 3P 8J in Eq. 12 is slightly longitudinal; 4)
the polarization of 1S80 is unpolarized. In view of these
points, the inclusion of CO contributions will thoroughly
change the configuration of the polarization, from trans-
verse (3S11) to longitudinal (NRQCD). Notice that, unlike
the case of yields, the variation of µr can have a signifi-
cant effect on the polarization of J/ψ.
In addition to µr, the effects from the uncertainties
6TABLE II. Integrated cross section (unit: pb) for γγ → J/ψ+
γ +X with p
J/ψ,γ
t > 1 GeV and |yγ | < 3. mc = 1.5 GeV.
Set 1 LO NLO[3S11 ] NLO K
µr = µ0 0.100 0.048 0.042 0.42
µr = 2µ0 0.100 0.058 0.053 0.53
Set 2 LO NLO[3S11 ] NLO K
µr = µ0 0.180 0.086 0.085 0.48
µr = 2µ0 0.180 0.104 0.103 0.58
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FIG. 9. The left figure represents the differential cross sections
for the Υ production with respect to pt, including both direct
and resolved processes. The right one denotes the pt distri-
butions of Υ via the direct photoproduction γγ → Υ+γ+X,
imposing different pγt cuts on the emitted photon.
of µλ are as well investigated, which are found to be
more moderate, as is shown in Figure 8 (Set 1). For
the LDMEs of Set 2 based on “1S80 dominance ”, the
dominant 1S80 partonic process is independent of µλ, thus
the variation of µλ just cause slight effects.
In Table II, we present the integrated cross section
with two renormalization scales, imposing two cuts on
the transverse momentum of J/ψ and the emitted pho-
ton, namely p
J/ψ,γ
t > 1 GeV. Meanwhile the rapidity of
the final photon is limited as |yγ | < 3. One can find
that, for the integrated cross section, the CS contribu-
tion is dominant over the CO ones, which are minor at
low pt regions. The variations of µr from µ0 to 2µ0 just
change the cross section by about 26% for Set 1 and 21%
for Set 2, indicating a moderate dependence on the renor-
malization scale.
4 6 8 10 12 14
0.0
0.2
0.4
0.6
0.8
p t HGeVL
K
K_NLO
K_ 1 S 0
8
K_ 3 P J
8
K_ 3 S 1
1
WWA , s = 240 GeV ,
p t
Γ
> 1 GeV , y Γ < 3.0
4 6 8 10 12 14
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
p t HGeVL
d
Σ`
N
LO
@
n
D

d
Σ`
LO
@
3 S
11
D
K_ 1 S 0
8
K_ 3 P J
8
K_ 3 S 1
1
WWA , s = 240 GeV ,
p t
Γ
> 1 GeV , y Γ < 3.0
FIG. 10. The left figure is for the K factor with respect to
pt for different partonic processes. And the right figure is for
the ratio dσˆNLO [n]/dσˆLO [
3S11 ] with n =
3 S11 ,
1 S80 ,
3 P 8J .
WWA , , s = 240 GeV ,
p t
Γ
> 1 GeV , y Γ < 3.0
NLO
4 6 8 10 12 14
10- 9
10- 8
10- 7
10- 6
10- 5
10- 4
p t HGeVL
dΣ

dp
tH
pb

G
e
V
L
WWA , , s = 240 GeV ,
p t
Γ
> 1 GeV , y Γ < 3.0
NLO A 3 S 11 E
NLO @NRQCD D
4 6 8 10 12 14
-1.0
-0.5
0.0
0.5
1.0
p t HGeVL
Λ
FIG. 11. The pt distributions for Υ (left) and the polarization
parameter λ (right) with respect to pt. The bands in these
two figures are caused by the variation of µr from µ0 to 2µ0
and the dotted line in the left figure denotes the LO result.
Notice that, since the CO contributions are negligible, in the
right figure, the bands for the CS and NRQCD results almost
overlap each other.
C. Phenomenological results for Υ
Now we are in a position to present the phenomenolog-
ical results for the production of Υ. From the left figure
of Figure 9, like the case of J/ψ, the direct photopro-
ductions play the most important role and the resolved
processes can be safely neglected. As is shown in the
right one, the three lines for different pγt cuts overlap each
other, implying the contributions from CO processes are
tiny. For the sake of further investigating the relative
significance of different partonic processes, we present
the K−factor and the ratio dσˆNLO[n]/dσˆLO[3S11 ] with
n =3 S11 ,
1 S80 ,
3 P 8J in Figure 10. From the right one, we
find that, unlike the case of J/ψ, the CO SDCs are just
the same order of the color singlet one, hence the sig-
nificant suppression from the CO LDMEs will make the
color octet contributions almost negligible, as is shown
in the left figure. Comparing with the K-factor of J/ψ
in Figure 3, as expected, the convergence of the pertur-
bative calculations for Υ is indeed much better than that
of J/ψ. As for the polarization parameter, the predicted
NLO results are totally dominated by the color singlet
contributions, as is shown in the figure on the right hand
side of Figure 11. Meanwhile, from the left figure, the
dependence on the renormalization scale µr is found to
be quite moderate through the narrow bands arisen from
the variation of µr from µ0 to 2µ0. In addition, we find
that the uncertain of µλ just bring about an insignificant
effect.
IV. SUMMARY
In this paper, based on the factorization of the non-
relativistic QCD, we systematically investigate the semi-
inclusive photoproduction of J/ψ and Υ via γγ →
J/ψ(Υ) + γ + X at CEPC up to O(α3αs), including
both yields and polarizations. For the color octet con-
tributions, two different sets of LDMEs are employed to
provide the NRQCD predictions for J/ψ and one set for
Υ. We find that the NLO corrections will significantly
reduce the LO results which can be attributed to that the
7virtual corrections to 3S11 is large and negative. For J/ψ
production, the color octet contributions are increasingly
significant with the values of pt, by which the polariza-
tions of J/ψ can be changed dramatically from toally
transverse to longitudinal. This difference can be re-
garded as a distinct signal for identifying the significance
of the CO mechanism. While, for the case of Υ, the ef-
fects of the color octet processes is negligible, both for
yields and polarizations. The future measurements on
this semi-inclusive photoproduction of J/ψ(Υ) + γ + X
in photon-photon collisions, especially on the polariza-
tion parameters of J/ψ, will be a ideal laboratory for the
study of heavy quarkonium production mechanism and
helpful to clarify the problems of the J/ψ polarization
puzzle.
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